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Abstract

Collagen type I, commonly derived from xenogenic sources, is extensively used as a biomaterial for tissue engineering

applications. However, the use of xenogenic collagen is typically associated with species specific variation in mechanical,

structural, and biological properties that are known to influence cellular response and remodeling. In addition, immu-

nological complications and risks of disease transmission are also major concerns. The goal of this study is to charac-

terize a new xeno-free human skin-derived collagen and assess its applicability as a bioink for cell-laden 3D bioprinting.

Four different concentrations of human collagen (i.e., 0.5mg/mL, 1mg/mL, 3mg/mL and 6mg/mL) were employed for

the synthesis of collagen hydrogels. In addition, bovine collagen was used as a xenogenic control. Results from SDS-PAGE

analysis showed the presence of a1, a2, and b chains, confirming that the integrity of type I human collagen is maintained

post isolation. Polymerization rate and compressive modulus increased significantly with increase in the concentration of

human collagen. When comparing two different sources of collagen, the polymerization rate of xenogenic collagen was

significantly faster (p< 0.05) than human collagen while the compressive modulus was comparable. Raman spectroscopy

showed a large peak in the Amide I band around 1600 cm�1, indicating a dense and supraorganized fibrillar structure in

human collagen hydrogels. Conversely, Amide I band intensity for xenogenic collagen was comparable to that of Amide II

and Amide III bands. Further, the use of 6mg/mL human collagen as a bioink yielded 3D printed constructs with high

shape fidelity and cell viability. On the other hand, xenogenic collagen failed to yield stable 3D printed constructs.

Together, the results from this study provides an impetus for using human-derived collagen as a viable alternative to

xenogenic sources for 3D bioprinting of clinically relevant scaffolds for tissue engineering applications.
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Introduction

Collagen type I is the most ubiquitous protein in the
human body found in a variety of different tissues
including musculoskeletal tissues such as bone, ten-
dons, and ligaments, as well as tissues of non-
musculoskeletal classification which include cornea,
blood vessel, and skin.1–3 It is a rod like molecule com-
prising of three left-handed polypeptide strands that
are stabilized together in a right-handed triple helix
via hydrogen bonding. Under physiological conditions,
collagen molecules have an inherent ability to self-
assemble and polymerize to form fibers and generate
hydrogel structures. The use of collagen type I as a
biomaterial has several advantages that include bio-
compatibility, biodegradability, and the presence of

bioactive sites that allow for cell attachment, growth,
and differentiation.4 In addition, it is feasible to lever-
age different biofabrication methodologies (e.g., freeze-
drying, electrospinning, electrochemical fabrication) to
process collagen solutions and generate biomimetic
scaffolds that resemble the compositional and
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structural aspects of native tissue.5–8 Due to these rea-
sons, collagen type I is a biomaterial of singular impor-
tance and preferred choice for tissue engineering
applications.

Xenogenic tissues (e.g., bovine hide, porcine skin,
rat tail) are the most common commercially available
sources of collagen type I for both research and clinical
applications.9 Over the last three decades, due to ease
of availability and relatively low costs, a plethora of
different collagen-based products derived from xeno-
genic sources have been approved by the FDA for clin-
ical use.3 Collagraft, an osteoconductive bone graft
comprising of hydroxyapatite and bovine collagen, is
currently used in the clinic for the treatment of long
bone disorders.10 Healos is another example of a
collagen-based mineralized bone matrix commonly
used for spinal fusions.11 Despite promising clinical
outcomes, immunogenic response (i.e., allergies in 2–
4% of the population) and transmission of prion dis-
eases (e.g., Creutzfeldt-Jakob disease) are two major
clinical concerns associated with the use of xeno-
derived collagen grafts.12,13 In addition, species specific
variation in the protein structure and batch to batch
variation within the same species are also significant
concerns.14,15 Previous work has shown that subtle var-
iation in the amino acid sequence can substantially
alter the physicochemical properties of collagen which
in turn can significantly impact cellular response and
subsequent tissue repair and remodeling.16 Kreger et al.
reported that polymerization kinetics of collagen
hydrogels vary not only between different xenogenic
species but also within the same species based on
tissue source and demographics of the species.17

Although recombinant human collagen affords a
more consistent protein structure than animal-based
collagens, its widespread use has been overshadowed
by xenogenic collagen due to limitations that include
prohibitively low yields (i.e., 0.6 – 20mg/L) and lack of
enzymes and cofactors critical for effective fibrillogen-
esis of the collagen hydrogel.18 The use of a xeno-free
collagen biomaterial has the potential to circumvent
the limitations associated with xenogenic collagen and
aid in the generation of clinically relevant tissue-
engineered products for the repair, replacement, and
regeneration of diseased tissues.

The goal of the current study was to characterize the
physicochemical and mechanical properties of a xeno-
free human skin-derived collagen biomaterial and
assess its feasibility to be used as a bioink for 3D print-
ing applications. Four different concentrations of
human collagen (i.e., 0.5, 1, 3, and 6mg/mL) were
used in this study. In addition, bovine collagen (i.e.,
3mg/mL) was used as a xenogenic source for compar-
ison. Lower concentrations of collagen were employed
in this study to minimize viscosity related shear stress

during the printing process and maintain high cell via-

bility within 3D printed cell-laden collagen constructs.

In vitro characterization of human collagen was per-

formed by using the following assays: (1) SDS-PAGE

was performed to assess the purity of human collagen,

(2) Gelation kinetics assay was used to quantify poly-

merization rate, (3) SEM was carried out to assess the

effect of collagen concentration on fibril density, width,

and pore size, (4) Uniaxial micro-compression tests

were performed to assess mechanical properties of

human collagen hydrogels, (5) Swelling and collagenase

degradation testing was conducted to determine the

stability of human collagen hydrogels, (6) Raman spec-

troscopy was performed to determine the functional

structure of human collagen, and (7) Live-dead assay

was carried out to assess cellular viability in 3D printed

human collagen constructs.

Materials and methods

Extraction of human collagen and hydrogel synthesis

Human collagen (HumaDerm) was obtained from

Humabiologics Inc (Phoenix, AZ). Based on company

provided literature, collagen was extracted from

debrided human skin tissue using a proprietary isola-

tion and enzymatic digestion protocol. The lyophilized

collagen was solubilized in 0.01N HCl to form the 0.5,

1, 3, and 6mg/mL concentrations used in this study.

Human collagen hydrogels were prepared by mixing

acid soluble collagen with 10x PBS and 0.1N NaOH

(8:1:1 v/v; pH� 7.4) and incubating the solution at

37�C for 2 h to induce fibrillogenesis. Xenogenic colla-

gen hydrogels were prepared in a similar manner using

bovine collagen and used as control.

Characterization of human collagen by SDS-PAGE

Purity and integrity of human collagen was character-

ized using sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE). Collagen solution of

concentration 10 mg/mL and 20 mg/mL were added to

the lanes of a cast 10% SDS gel.19 Gels were run at

120V for 2 h at room temperature. A 0.05% Coomassie

Blue solution (MP Biomedicals, Irvine, CA) in 50%

distilled water, 40% methanol, and 10% acetic acid

was used to stain the gels overnight under gentle agi-

tation. A de-stain solution of 65% distilled water, 25%

methanol, and 10% acetic acid was used to remove

excess dye solution from the gels until the resulting

bands were distinct from the background. Images

were taken on a ChemiDoc MP imaging system (Bio-

Rad, Hercules, CA).
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Gelation kinetics

To determine the polymerization rate of human colla-
gen, a gelation kinetics assay was performed using dif-
ferent concentrations (i.e., 0.5, 1, 3 and 6mg/mL) of
collagen solution. Further, gelation kinetics of human
collagen was compared with a xenogenic control. Acid
soluble collagen solution was neutralized with 10� PBS
and 0.1N NaOH. Following this, 100ml of different
concentrations of neutralized collagen solution was
added into individual wells of a 96 well plate (N¼ 5/
group) and placed into a spectrophotometer (M2e
Spectramax, Molecular Devices) set at 37�C. Gelation
kinetics were determined by recording the absorbance of
the collagen solution at periodic intervals (i.e., 312nm at
2min intervals) during the gelation process (2h), with
the absorbance value corresponding to the degree of
fibril density in the hydrogel. All values were normalized
between 0 and 1. Polymerization rate was determined
through regression of the linear portion of the curve.
Polymerization half time for each collagen concentra-
tion was determined as the time taken to reach half of
the peak absorbance value.

Analysis of hydrogel fibril microstructure by SEM

The effect of collagen concentration on the hydrogel
microstructure (i.e., fibril diameter, pore size) was
assessed using SEM. To ensure that the structural
integrity of the hydrogel is maintained, a rigorous
sample preparation procedure was employed.
Collagen hydrogels were fixed in 2.5% glutaraldehyde
solution (in PBS) and subjected to dehydration in a
series of graded ethanol solutions (20%, 50%, 75%,
90%) for 15min each, followed by 100% ethanol for
1 h. The hydrogels were then dried in a Denton DCP-1
critical point dryer, sputter coated with gold and
observed at 5000� magnification under SEM (JEOL
JSM-6380LV). For quantitative assessment of the
effect of collagen concentration on hydrogel micro-
structure, ImageJ analyses (NIH, Bethesda, MD,
USA) were performed to measure fiber diameter and
pore size of the hydrogels.

Raman spectroscopy

A Renishaw (Wotton-under-edge, UK) In-Via Raman
Spectrometer with coupled Leica (Wetzlar, Germany)
DM2500 Microscope, 785 nm NIR monochromatic
excitation source, 1200mm�1 grating, and a 1” Deep
Depletion CCD camera was used to compare the struc-
tural characteristics of human and xenogenic collagen.
Collagen hydrogels (6mg/mL) were synthesized atop
roughened aluminum slides to minimize background
interference. Image acquisition and initial analyses
were performed in the Renishaw WiRE 4.4 software.

An exposure time of 3 seconds with 3 accumulations
was used for each acquisition, with sample set totaling
1000. A 9th order polynomial ModPoly Fit background
removal, cosmic ray removal, and spectral average fea-
tures were performed in the WiRE 4.4 software.

Compression testing

Assessment of the compressive properties of collagen
hydrogels was performed using a MT G2 MicroTester
(CellScale, Canada). Hydrogels were gently blotted
with a Kimwipe to remove excess liquid and placed
on an acrylic platform within the testing chamber. A
tungsten cantilever beam (0.4mm diameter) equipped
with a stainless-steel platen tip (3�3 mm) was applied
to compress the hydrogel at a rate of 10 mm/s until a
displacement of 20% of the gel thickness. The compres-
sion force (P) was calculated using Euler-Bernoulli
beam theory:

P ¼ 3d Epr4

4L3

where, d is the displacement of the specimen. The can-
tilever beam is characterized by the Young’s modulus
(E), the length (L) and the radius (r). Compressive
stress was computed by normalizing the compressive
force P with the area of the platen. Strain was deter-
mined by taking the ratio of the change in thickness to
the original thickness of the specimen. The hydrogel
modulus was obtained as the slope of the stress–
strain curve.

Swelling and degradation studies

Swelling characteristics of human collagen hydrogels
were determined by employing a previously published
protocol.20 Collagen hydrogels were first dried under
vacuum and the dry weight of the hydrogel was mea-
sured (Wd). Following this, the hydrogels were
immersed in 500 mL of 1� PBS at 37�C for 24 h.
Excess liquid was removed by gently blotting the
hydrogel on a Kimwipe, and the wet weight (Ww) was
measured. The swelling ratio was calculated by taking
the ratio of the change in weight (Ww–Wd) to the ini-
tial dry weight of the hydrogel.

Swelling Ratio ¼ Ww �Wd

Wd

An in vitro collagenase study was performed to
determine the enzymatic stability of the hydrogels.20,21

Hydrogels synthesized using different concentrations of
collagen were weighed to determine the initial weight.
Following this, the hydrogels were immersed in 500 ml
of 5U/ml collagenase solution (0.1M Tris-HCL, 5mM
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CaCl2 at pH 7.4) and incubated at 37�C. At periodic

intervals, hydrogels were retrieved from the collagenase

solution and weighed until complete degradation.

Residual mass at each time point was calculated

based upon the initial weight (W0) and the weight at

each time point (Wt).

Residual Mass ¼ Wt

W0
� 100

Printability of human collagen bioinks

Neutralized human collagen solution (i.e., 3mg/mL

and 6mg/mL) was used as a bioink for 3D printing

of collagen constructs. Similar concentrations of neu-

tralized xenogenic collagen solution was used as con-

trol. The bioink solution was mixed in a specialized

syringe (Nordson, Westlake, OH) and mounted onto

a multi-head, screw extrusion-based 3D bioprinter

system (Regemat3D, Granada, Spain). Collagen con-

structs were then printed into the Freeform Reversible

Embedded Suspending of Hydrogels (FRESH) gelatin

support bath using the printing parameters summa-

rized in Table 1.22

Post printing, collagen constructs were incubated at

37�C for 30min to melt the gelatin support bath and

allow for collagen fibrillogenesis. Constructs were then

washed 3 times with 1� PBS to remove excess gelatin.

For qualitative assessment of print and shape fidelity,

high magnification images were taken with a Canon

EOS Rebel DSLR camera at a consistent height

and focus.

Saos-2 cell viability in 3D printed collagen constructs

Human osteosarcoma cells (Saos-2 cells; ATCC) were

used as a model cell line to assess the applicability of

human collagen as a viable bioink for 3D printing of

cell-laden constructs.23

Cells were mixed with sterile human collagen bioink
(6mg/mL) at a density of 100,000 cells/ml and subse-
quently printed into the FRESH gelatin bath under
aseptic conditions. Post-printing, the FRESH gelatin
bath was melted, and the cell-laden printed constructs
were washed 3 times with 1� PBS to remove excess
gelatin. Following this, 3ml of a-MEM culture
medium, supplemented with 10% FBS and 1% penicil-
lin/streptomycin, was added to each well and the con-
structs were cultured for 7 days. Cell viability was
assessed using a live-dead assay by staining the cells
with calcein AM and ethidium homodimer to visualize
live and dead cell populations using a fluorescence
microscope (Zeiss, Oberkochen, Germany).

Statistical analyses

Statistical analyses were performed utilizing the
XLSTAT 2020 plugin (Addinsoft Inc, New York,
NY) for Microsoft Excel. A one-way ANOVA with
Tukey’s HSD post hoc comparison was used to assess
significant differences between groups. Statistical sig-
nificance was indicated by p< 0.05.

Results and discussion

Assessment of purity and integrity of human
collagen using SDS-PAGE assay

Collagen isolation from tissues is a rigorous procedure
that involves multiple processing steps and acidic or
enzymatic treatment regimens. An ideal collagen isola-
tion method should minimize fragmentation or struc-
tural changes in the protein structure.17 Even subtle
variations in protein structure can lead to substantial
functional changes in collagen, leading to changes in
cellular response and tissue remodeling, immunogenic
response, and possible rejection of tissue engineered
grafts.24,25 These changes are further compounded
due to significant variation in collagen structure
within the same xenogenic species.15 For human skin-
derived collagen to serve as an effective alternative to
xenogenic collagen, it is imperative that the integrity of
the native collagen structure is maintained. Since each
polypeptide chain of a collagen molecule has a different
molecular weight, SDS-PAGE was utilized to separate
the component chains and visually confirm the purity
and integrity of human collagen. Results revealed the
presence of three distinct bands, two of which were
observed around 120–140 kDa molecular weight corre-
sponding to the a1 and a2 chains (Figure 1). A larger
band was observed above 250 kDa, corresponding to
the b chain (Figure 1), a combination of both a
chains.15,17 The presence of these bands indicates that
the integrity of human collagen used in this study is a

Table 1. Parameters for bioprinting of cell-laden human colla-
gen constructs.

Parameter Value Description

Tip diameter 0.25 mm A blunt syringe tip for the

print headTip gauge 25 g

Print shape Cube Outer limit of construct is

square

Infill pattern Mesh Inner pattern is cross hatched

Infill angle 45� The angle at which the bioink

was extruded

Flow speed 5 mm/s Extrusion speed for optimal

density
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high purity xeno-free collagen source. Further, absence
of any additional bands suggests that the integrity of
human collagen is maintained post-isolation (i.e., no
protein fragmentation or degradation). Together,
these findings corroborate that the structural integrity
of collagen is retained upon isolation from debrided
human skin tissue.

Quantification of gelation kinetics of human collagen

When exposed to physiological conditions, the collagen
molecules have an inherent ability to self-assemble and
polymerize to form fibrous structures. Optimal poly-
merization kinetics is critical for the applicability of
human collagen as a biomaterial for the synthesis of
robust hydrogels and its use as a bioink for 3D printing
of bioactive scaffolds for use in tissue engineering
applications. Results from the gelation kinetics assay
showed that the amount of time needed to complete
polymerization of human collagen was significantly
faster at higher concentrations as indicated by the pla-
teau on the gelation kinetics curve (Figure 2(a)).
Polymerization rate was calculated by taking the
slope of the gelation kinetics curves and showed
significantly higher rate of polymerization for 6mg/mL,
followed by 3mg/mL (p< 0.05; Figure 2(b)).
Polymerization rates for 0.5mg/mL and 1mg/mL were
comparable to one another but significantly lower than

3mg/mL and 6mg/mL. Polymerization half time showed
a similar trend and was the shortest for 6mg/mL (i.e.,
31min, p< 0.05) followed by 3mg/mL (i.e., 38min,
p< 0.05) (Figure 2(c)). Polymerization half time for
0.5 and 1mg/mL concentrations was 61min and
55min, respectively. These results suggest that increas-
ing the concentration of the collagen reduces the poly-
merization half time (e.g., 61min at 0.5mg/mL to
31min at 6mg/mL), a finding which is consistent with
established studies.17,26

Previous studies have reported that the process of
collagen isolation has a significant impact on collagen

Figure 1. SDS-PAGE assay for human collagen confirming the
presence of relevant a1, a2, and b collagen bands.

1.0

(a)

(b)

(c)

0.8

A
bs

or
ba

nc
e

0.6

0.4

0.2

0.0

0.08

*

*

*
*

* *0.06

0.04

0.02

0.00

80

60

40

20

P
ol

ym
er

iz
at

io
n 

ha
lf 

tim
e

(m
in

)

0

0.5 1 3 3 (Xeno) 6

0.5 1 3 3 (Xeno) 6

P
ol

ym
er

iz
at

io
n 

ra
te

 (
A

U
/m

in
)

0 20 40 60 80 100 120

0.5 mg/mL

1 mg/mL

3 mg/mL

3 mg/mL (Xeno)

6 mg/mL

Time (min)

Collagen concentration (mg/mL)

Collagen concentration (mg/mL)

Figure 2. Polymerization kinetics of different concentrations of
human collagen. Xenogenic collagen (3mg/mL; Xeno) was used
as a control. (a) Gelation kinetics, (b) polymerization rate
determined by linear regression, (c) polymerization half time
calculated by the time taken to record half of the maximum
absorbance (* indicates p< 0.05 when comparing each marked
group to all other groups).

Schmitt et al. 5



assembly kinetics.17,27 For example, Kreger et al. com-

pared acid soluble porcine skin collagen (PSC) with

several commercially available enzymatically digested

xenogenic collagen sources and reported that the poly-

merization kinetics of PSC was significantly faster than

enzymatically digested collagen because the integrity of

the telopeptides regions are preserved in acid soluble

collagen.17 It is well known that application of an enzy-

matic isolation approach yields atelo collagen due to

partial denaturation of the telopeptides in the collagen

structure. When comparing human collagen with its

xenogenic counterpart at equivalent concentration,

results from the current study showed that xenogenic

collagen exhibited a significantly higher rate of poly-

merization (p< 0.05) compared to human collagen

(Figure 2(b)). Further, the polymerization half time

for xenogenic collagen was significantly shorter (i.e.,

22min vs. 38min; p< 0.05) than human collagen

(Figure 2(c)) indicating that xenogenic collagen poly-

merizes and forms hydrogels faster than human colla-

gen. Slower polymerization kinetics of human collagen

compared to bovine collagen may be attributed to pos-

sible variations in the enzymatic isolation protocol

resulting in differences in the extent of denaturation

of the telopeptides and oligomeric content in the iso-

lated collagen. Further, polymerization rate can also be

different because of species specific variation (i.e.,

human vs. bovine) in the number and type of cross-

links within the collagen structure.28 Longer polymer-

ization time for human collagen may improve fibril

density and allow for the formation of a more

organized collagen fibrillar network. Further, extended
polymerization time can also be beneficial to extrusion-
based 3D bioprinting of large tissue constructs by pre-
serving the cellular distribution within the syringe, pre-
venting premature gelation of the bioink, and
minimizing the risk of clogging the extrusion tip.
Together, these results suggest that polymerization
kinetics of human collagen are significantly slower
than xenogenic collagen and may be advantageous to
the design of 3D printed tissue engineered constructs.

Analysis of fibril microstructure by SEM and
Raman spectroscopy

SEM is commonly used to visually observe the fiber
microstructure in collagen hydrogels. Qualitative
assessment of SEM images suggest that hydrogels syn-
thesized using lower concentrations of human collagen
(i.e., 0.5mg/mL and 1mg/mL) comprised of thin,
loosely packed collagen fibers (Figure 3(a) and (b))
whereas the use of higher collagen concentration
yielded hydrogels with greater packing density
(Figure 3(c) and (d)). Quantitative analyses using
ImageJ showed that collagen fibril diameter was signif-
icantly smaller (p< 0.05) in hydrogels synthesized using
0.5mg/mL collagen compared to other concentrations
(Figure 3(e)). In addition, results from pore-size meas-
urements showed a four-fold decrease in pore size when
using 3mg/mL and 6mg/mL collagen thereby confirm-
ing that higher collagen concentration yields more
dense collagen hydrogels (Figure 3(f)). These results
corroborate with prior literature and indicate that
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increasing the collagen concentration does not signifi-
cantly affect fibril width but instead only increases
fibril density of the collagen microstructure.17,29

This analysis is further supported through Raman
spectroscopy wherein the Amide I band around
1650 cm�1 (C¼O stretching region) is significantly
larger than the Amide II and Amide III bands in
human collagen, compared to the roughly similar
intensities of the Amide bands in xenogenic collagen
(Figure 4). The change in the C¼O stretching region
in human collagen is indicative of greater interaction
between collagen fibers and formation of a denser and
organized fibrillar structure.30,31 This supraorganiza-
tional structure of human collagen may be attributed
to the slower polymerization kinetics of human colla-
gen by allowing sufficient time for the generation of a
more stable fibrillar network.

Biomaterial properties (e.g., topography, structure)
are known to have a profound effect on cellular
response.26,32 For example, Erisken et al. showed that
scaffold fiber diameter impacts proliferation, differen-
tiation and matrix production of tendon fibroblasts.33

Pizzo et al. demonstrated that cell morphology and
mechanobiology differ based upon collagen fibril den-
sity by showing that fibroblasts exhibit more force
upon the local microenvironment resulting in greater
cell spreading on low density collagen (1mg/mL) com-
pared to high density collagen (3mg/mL).34 In addi-
tion, Sanders et al., reported that scaffold pore size
has a profound effect on neo-vascularization as evi-
denced by a 80 to 100-fold increase in the formation
of new vessels on scaffolds with pores ranging from 0.8
to 8mm compared to 0.1 to 0.8mm.35 Based on the
results from the current work, it is feasible to control
the fibril density and related pore size of the hydrogel
by up to 4-fold (i.e., 2 mm at 1mg/mL to 0.5mm at
6mg/mL) by simply modulating the concentration of
human collagen (Figure 3(f)). Future studies will

investigate the effects of different fiber microstructure
and pore size in human collagen hydrogels on cellular
response and vascularization.

Swelling and degradation studies

Swelling studies were performed to quantify the water
uptake capability of human collagen hydrogels. The
swelling ratio of the 0.5mg/mL collagen hydrogels
was not measured because these hydrogels were not
fully stable and disintegrated during the vacuum
drying process. For the remaining three concentrations,
a significant decrease in swelling ratio was observed
with increasing collagen concentration (Figure 5(a)).
This may be attributed to the higher collagen fiber
packing density in hydrogels synthesized using higher
concentrations of collagen. For assessment of the enzy-
matic stability of human collagen hydrogels, an in-vitro
collagenase degradation assay was performed.
Collagen hydrogels synthesized using a 0.5mg/mL con-
centration were highly unstable and degraded within
1 h. Stability of the hydrogels improved with an
increase in collagen concentration (Figure 5(b)).
Hydrogels synthesized using a high concentration of
collagen (i.e., 6mg/mL) were the most stable, taking
approximately 6 h to fully degrade. One approach to
improve the stability of collagen hydrogels can be to
crosslink them using chemical crosslinkers such as
EDC-NHS or genipin.36 Together, these results suggest
that swelling and degradation characteristics of human
collagen can be controlled by modulating the collagen
concentration and thereby altering the fiber microstruc-
ture within the hydrogels.

Compressive modulus of human collagen hydrogels

Representative stress-strain curves generated by per-
forming micro-compression tests revealed that the
mechanical properties of human collagen hydrogels
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expectedly increased with increase in collagen concen-

tration (Figure 6(a)). The compressive modulus of

0.5mg/mL hydrogels was found to be around

0.2 kPa. Increasing the collagen concentration resulted

in a practically linear and significant increase (p< 0.05)

in the compressive modulus of the hydrogels (Figure 6

(b)). Specifically, hydrogels synthesized using 6mg/mL

collagen were found to be 6-fold stiffer (i.e., 1.2 kPa)

than those made using 0.5mg/mL collagen.

Intermediate collagen concentrations of 1mg/mL and

3mg/mL yielded hydrogels with a modulus of 0.4 kPa

and 0.7 kPa, respectively. When comparing the two dif-

ferent sources of collagen, the compressive modulus of

human collagen was comparable to xenogenic collagen.

Further, the compressive modulus of human collagen

reported in this study is comparable to uncrosslinked

rat-tail collagen reported in a prior study.37 One

approach to improve the mechanical properties of

human collagen hydrogels can be to modulate the gela-

tion conditions (i.e., pH, temperature, ionic concentra-

tions) of human collagen, a technique previously shown

to yield promising outcomes with rat tail collagen.38

Mechanical properties of human collagen hydrogels
may also be improved by using cytocompatible cross-
linkers such as genipin (i.e., amine to amine crosslink-
ing) or carbodiimide crosslinking prior to the addition
of cells.36 Methacrylation of human collagen can be a
viable approach to improve the mechanical properties
of the hydrogels and allow for cell encapsulation by
employing cell compatible photoinitiators and UV
crosslinking.39 In addition, application of dual cross-
linking strategies and modulating the crosslinking con-
ditions (e.g., type of photoinitiator used, UV
crosslinking time) can further improve the mechanical
properties of human collagen.21

Cell-laden printing using human collagen bioinks

3D bioprinting is a layer-by-layer fabrication technique
that allows for the generation of cell-laden tissue con-
structs with precise control of geometric shape and spa-
tial distribution of physicochemical cues to direct
cellular response.40–42 Previous studies have utilized
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xenogenic collagen bioinks in combination with other

material additives (e.g., alginate, chitosan, cellulose,

etc.) to improve construct mechanics and retain the

desired shape of the printed constructs.43–45 However,

addition of the second component compromises the bio-

mimetic characteristics of the printed construct and

therefore may significantly modulate cellular response.

Use of highly concentrated collagen bioinks are a prom-

ising option to generate pure collagen constructs; how-

ever, these inks are extremely viscous and there are

concerns pertaining to loss in cell viability due to

increased shear stress during the printing process.46–48

The FRESH printing methodology entails 3D print-

ing into a gelatin microbead thermoreversible support

bath followed by incubation at 37�C to allow for poly-

merization of the collagen fibers as well as melting of

the support bath to recover the printed construct. The

use of the FRESH printing approach enables 3D print-

ing of stable constructs with collagen bioinks of lower

concentration (i.e., 6mg/ml) so as to minimize concerns

associated with loss in cell viability due to viscosity

induced shear stress during the printing process.

Modification of collagen, such as methacrylation, is

often required to allow printing of stable constructs

using low concentrations of xenogenic collagen via

UV crosslinking.21 Results from the current study

showed that human collagen at a concentration of

6mg/ml can yield printed constructs with high shape

fidelity without the need for further modification

(Figure 7(a)). On the other hand, constructs printed

using xenogenic collagen were unstable and collapsed

upon melting of the FRESH support bath (Figure 7

(a)). This difference in outcome can be attributed to

the shear induced shredding of the xenogenic collagen

construct during the FRESH melting process. It is

likely that the supraorganizational fibrillar structure

in human collagen was able to better withstand the

shear forces and thereby retain the shape fidelity of

the printed construct post melting of the FRESH sup-

port bath. Further, unlike xenogenic collagen, it was

3 mg/ml 6 mg/ml

In FRESH Post-FRESH In FRESH

Human
collagen

Xenogenic
collagen

3D model

(a)

Post-FRESH

(b) (c)

Figure 7. 3D printed constructs using human and xenogenic collagen bioinks. (a) 3D model and images of grid constructs printed
using 3mg/mL and 6mg/mL collagen bioinks before and after removal from FRESH media, (b) live-dead at day 1, and (c) live-dead
day 7. Scale Bar: 200mm.
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feasible to print structures with 3mg/ml human colla-

gen within the FRESH media. However, it is important

to note that the constructs printed using 3mg/ml

human collagen were not stable post melting of the

FRESH bath possibly because the polymerization

time of human collagen at this concentration (i.e.,

> 40min at 37�C; Figure 2(a)) is higher than the time

taken for the FRESH support bath to melt (i.e., 30min

at 37�C) resulting in incomplete gelation of the printed

construct. Cell viability results showed that the cells

suspended in the human collagen bioink remained

viable post the printing process (Figure 7(b) and (c)).

High cell viability (i.e., absence of red staining) can be

attributed to the lower bioink viscosity and reduced

shear stress during the printing process. In addition,

visibly higher cellular density at day 7 compared to

day 1 suggests that cells proliferated over time within

the printed collagen construct. Together, these results

indicate that human collagen may be used as an effec-

tive bioink for cell-laden 3D bioprinting applications.

Conclusions

The current study reports on a new human skin-derived

collagen as a xeno-free biomaterial for use in tissue

engineering applications. Use of human-derived colla-

gen can significantly reduce the regulatory burden asso-

ciated with FDA approval and therefore expedite the

clinical translation of viable tissue scaffolds. Results

confirm that the purity and integrity of human collagen

is retained post enzymatic isolation. Gelation kinetics,

fibril microstructure, and mechanical properties of

human collagen can be controlled by modulating the

concentration of the monomeric collagen solution.

Further, upon comparison with xenogenic collagen,

human collagen exhibited slower gelation kinetics,

comparable compressive mechanical properties, and

more organized collagen structure. In addition,

human collagen can be used as a viable bioink for

3D printing of cell-laden tissue constructs at a low

concentration without the need for chemical modifica-

tion such as methacrylation. While the results of the

current study serve as a solid building block, more

work is needed to compare the performance of

human collagen with an array of different xenogenic

collagen sources to further establish the utility of

human-derived collagen for tissue engineering applica-

tions. In conclusion, these results provide significant

impetus for continuing to assess the potential of

human-derived collagen biomaterial as an alternative

to xenogenic sources for the generation of clinically

relevant tissue-engineered products for the repair and

regeneration of diseased tissues.
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